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1.0 INTRODUCTION

L.1 Background

The design and development of advanced aircraft turbine

engines with higher thrust to weight ratios and improved

efficiency in the form of increased thrust specific fuel

consumption is being achieved by an increase in rotor

speeds. In order to reduce overall engine weight and

minimize disruption in the gas path by the introduction of

struts and vanes, bearing supports have increasingly become

more flexible while shaft diameters have increased to pro-

vide high bending and torsional stiffness. These factors

have comibined to generate bearings with increased dn numbers

(bearLrij bore in millimeters times shaft speed in

revolutions per minute) while allowing for greater unit

misaLignment capabilities. As indicated in Figure 1, it is

anticipated that speed levels to 3.1 rdn (million DN) will

be required by mid 1990s engine design.

The influence of geometric variations on roller

dynamics is increased at higher DN levels, and in many cases

it has been the performance of the roller bearing which has

compromised engine design. It is therefore imperative that

all aspects of roller bearing geometric design be analysed

as to their effect upon bearing performance. Field data

accumulated has indicated that bearing performance is very

;ensitive to rolling element instabilities. This fact has

been exempLified in the

Ik.
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occurrences of roller bearing cage fractures that have taken

place in a turbofan engine compressor rotor system. The

nature, of this fracture is graphically presented in figure

2. These instabilities are exacerbated in high DN bearings

and can cause roller skewing. This failure mode is

precipitated by the rapid eccentric wear on the end surface

of the rolling element or elements shown in figure 3.

Roller skidding by definition occurs when the rolling

element:; orbit the bearing at a speed below epicyclic. It

is believed that skidding is associated with light radial

loading at high shaft speeds. The resultant damage is

limited to the contact surfaces. The mechanism for skid

control is readily accessible in the application of

increased bearing loading. This increase is most usually

achieved by supplementing the bearing external load with an

internal preload design.

There are, of course, numerous possible influences on

rollers, most of which are inter-dependent to some extent as

indicate~d in figure 4. Of these numerous parameters, the

testing wats restricted to those which were concluded by P&WA

(see ref. I) testing to be most significant.

An equally significant outcome of this testing was to

be the correlation of 60 mm (bore) bearing data with that

undertaken by P&WA in their bearing test program on 124 mm

bearings (see ref. 1). There has been, to date, a necessary

assumption that the influence of bearing geometric

irregularities are of equal significance irrespective of

-3-
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FIGURE 2 CAGE FRACTURE IN
TURBOFAN ENGINE
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FIGURE 3 ROLLER ECCENTRIC
END WEAR
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helr inq size. The oonclus ions resulting from this test

proqram could therefore facilitate the inclusion of a
bearing scaling factor which would be incorporated within

the bearing analysis programs currently being used. -

In summary, therefore, the motivation for this study

was the consistent increase in bearing DN values, and the

associated influence of roller skewing and skidding upon

bearing failure. Furthermore, there exists the need to

establish the effect of bearing design and manufacturing

runout tolerances.

-7-
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2.0 EXPERIMENTAL PROGRAM DESCRIPTION

2.1 Ob.Lective

It is the primary objective of this program to

investigate the phenomenon of eccentric roller end wear in

small diameter (40 to 60 mm bore), high speed (up to

3.0 Mdn) roller bearings.

The program is designed to investigate the relative

influence of a number of design and manufacturing variables

on roller end wear to permit ranking of these variables in

order of importance. It is further intended that the

program provide information relating to the accuracy of

t xtrapotation o[ conclusions (reached in an earlier program

cotidactt(d by Pratt & Whitney Aircraft (Re[. )) from 124 mm

bearing to 40-60 mm bearings. Should the findings show

that smalL diameter bearings manifest different behaviour

than do large bearings, it is a further objective to modify

the computer analysis developed by PWA (TRIBO-I) and

currently installed at dright-Patterson AFB to provide the

appropriate corrections to make it applicable to small

diameter bearings.

Secondary objectives were to measure various roller

bearing performance characteristics such as cage speed, heat

qe:n';ration, and efficiency ol the lubricant delivery system.

|-5-
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2. 2 Test Program Outline

The test program undertaken to attain the objective was

composed of two major parts: a series of 10-hour tests on

bearings manufactured with controlled levels of

mantifacturing and d s q n variables at speeds uL) to 50,000

RPM (3.0 MNn) and two 60-hour demonstration endurance tests

on prototype bearings designed using knowledge gained from

the first part of the program. The endurance tests were to

he conducted on both 60 mm and 40 mm bore diameter

hearinqs. The latter test was to demonstrate scalability of

conclusions reached on the 60 mm tests to 40 mm. In an

attempt to avoid bias in the ranking of variables, the test

bearing set was designed using the partial factorial

statistically designed experiment approach.

2.3 1)esin and !anufacturin@ Variables

Poler bearing parameters which are considered

influential to skewing are presented in Table 11. The

basic categories considered were design geometries,

manufacturing tolerances and quality control variables.

Based on experience gained from the P&WA test program, it

w.s deciold that 7 parameters would be considered (See Table

2). It is apparent that six (6) of the seven (7) parameters %

included were chosen from category I. An additional

parameter of guide flange designs based upon a curvature

r;11 i u of 2. 0 in-hes was in trod uced from category 1I . The

pjdramet.,r of roller l ength variation, althoug h prese nted in
..,toegory I I[,

I [ . I, L kROl, l)(,i FI OM I REIF'IINC E .

1



"g . a . a, a . -- - a-

I:I'

4 a

,. _ , - a 4 57 12, - c c - -.4.I, . - - C- 0 - 2

-- - -.
a- -a- ---

'Ii I -. - . - c = = _ --. , . ' . ,

.c, , - . . .a - - .a - - - . _

..-.. . . . . . .. .. . -,, ... 5. . - -' . . . . - E.-.. ' .E.a. .t. . ' . . ,'. " , " , -' - . , . ..' , . ' " . . • e, ; a'. ,' " ... ,' , . " .



is included in the length to diameter ratio of category I

(since all rollers are standardized at .2756 in (7 mm)).

The relative magnitude of the original test bearing

parameters proposed is presented in Figure 5A. The actual

relative values of parameters peculiar to each bearing which

was to be tested are presented in the matrix of figure 5B.

Test bearinqs prefixed by ESK 9785 were additional bearings

which would be required to separate the test parameters of
"roller end circular runout", "corner radius runout" and
"roller crown drop runout". That is, as a resuIlt of

manufacturing limitations, the original bearings (prefixed

by ESK 9244) did not adequately differentiate these

parameters with respect to the tolerance ranges. In

addition, continued difficulties in producing a roller with

a high "roller crown drop runout" necessitated the removal

of this parameter from the test list.

The combinations of the variables among the test bearings is

indicated by two levels of parameter variation and are

represented by "H" (High) and "L" (Low) respectively, with

the horizontal axis representing bearing design

consideration while the vertical axis represents

manufacturinq tolerance controls.

2.3.1 Test Bearing Table 2a represents the original

tolerance requirements. The values used with this table

have been established by analytical designs and

-11-
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manufacturing or production experience. In the case of a

particular parameter which was not to be considered within

any test bearing, that parameter value was kept at the level

of the baseline bearing, i.e., ESK 9244-11. The actual

levels of bearing parameters referenced in figure 5B are

presented in table 2B with the unshaded boxes highlighting

the deviations.

2.4 Bearing Configuration

2.4.1 Geometric Representation At the conceptual

stage of this program, it was decided that the bearing

configuration chosen should not only compliment the P&WA

work on 124 mm bearings, but should reflect the design and

operating environment peculiar to small engines.

The bearing size selected for the test program

was based upon a bearing located on the compressor rotor of

a modiern turbofan engine.

2.4.2 Bearing General Description The basic roller

bearing selected for the test program is shown in Figure 6.

The bearing is a 24 roller, under-race lubricated bearing

with a 60 mm bore diameter. The initial bearings prefixed

by ESK 9244 were manufactured by "FAG" of Schweinfurt

Germany, from L1-50 (AMS 6490) steel in accordance with

(Canadian Pratt & Whitney company specification) CPRJ 378

Specifications. The additional bearings (prefixed by ESK

9785) were manufactured by "Split Ball Bearing" of Lebanon,

New Hampshire. For the purpose of this test

-14-
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FIGURE 6 TEST BEARING
60mm BORE
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program, a total of 17 bearings were manufactured. The

bearing inner ring provides for under race lubrication by 12

under race oil slots leading to radial oil holes supplying

equally the ring raceway as well as the cage land ,"

diameters. The bearing outer ring is of a flanged design

provided with four clearance bolt mounting holes. A total

of 24 rollers were used to compliment a bearing set. Each

roller was identified on one end face by a number from 1 to

24 and were located in a sequential order within the cage

pockets. The cage was constructed without the roller

retention lugs in order to facilitate inspection of

individual rollers. In all other respects, the bearing cage

is similar to any standard inner land riding retainer

employed within P&WC.

2.5 Test Rig

2.5.1 Test Section The rig test section is shown in

figure 7a and is essentially separated into two major

compartments; the slave bearing section and the test bearing

section. The test bearing section is further subdivided

into the other compartments; one to receive oil that is

spilled or rejected at the test bearing axial scoops and the

other compartment receiving oil which has passed through the

test bearing. A flexible diaphragm issued to isolate

interaction with the drive system and the shaft is supported

by two bearings, one of which is the test bearing. Radial

loading is applied through a double set of roller bearings

while the shaft axial location as well as radial toad

reaction is accomplished with a Conrad bearing. During

initial rig operation, reliability problems developed with

-18-""

2 ,



.41.

oc

CI

0 wtI-

LLi

LLL

ILJu.

CA

ol- 9-j



the load bearing, which required redesign action. Figure 7b

depicts the modifications made to the test section shaft to

provide increased stability to the load bearings, as well as

the introduction of under race lubrication to the load

bearings.

Note that prior to the modifications to the test

section shaft, as shown in figure 7b, the test bearing

radial loads were 100 lb, 300 lb and 500 lb rather than 85

lb, 250 lb and 400 lb respectively (see table 5). The

revised loadings were introduced (after testing of ESK

9244-Il) to maintain the radial load at the Conrad ball

bearing to pre-test section shaft modification levels.

2.5.2 Drive Section The test section was driven

through a flexible diaphragm coupling manufactured by Bendix

and wa'; used to isolate any possibility of bearing loading

which could have been introduced to the test section by

misalignment with the drive system. The power was supplied

by a 300 hp AC electric motor (Canadian General Electric

Model No. 142962) operating at the design speed of 3,560

rpm. The test section maximum operating speed of 50,000 rpm

was achieved through two General Electric speed increase

gear boxes (S231-X Low Speed, S231-AZ-I high speed). The

sred control was by an eddy cUrrent coupling (Dynamic Corp.

Model No. WCS 216B), connected to the electric motor, the

maximum speed rating of the coupling is 3,600 rpm. The test

section and drive are schematica illy represented in Figure

7c.

2.5.3 Lubrication System Load bearing lubrication was

initially achieved by side jett ing, however as the test

pfo,jram proceeded, it became apparent that an under race oi .

62.
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scheme would be required to control inner race

temlertures. The final lubrication configuration, in

schematic form, is shown in figure 8. In this design, it was

possible to continually control the flowrates to the test and

load bearings. The oil was introduced to the load bearings

through the shaft bore (see figure 7b) while the test bearing

lubrication was by an axial oil scoop. The lubrication to

the ball bearing by side jetting was maintained. The test

bearing compartment was segregated from the remainder of the

test section. This compartment was divided further to

separate the oil flows that passed through the test bearing

to that rejected or spilled at the axial oil scoop. The

electrical oil pump system was backed up by a pneumatic

system which would be automatically initiated in the event of

a failure in the primary lubrication system.

2.5.4 Instrumentation The instrumentation employed to

monitor the bearing test was separated into two categories,

one set was to record the performance of the test section

which was subdivided into the test bearing and slave bearing

operational conditions. The other set of instrumentation

was to monitor the performance of the test section drive

assembly parameters. Temperature measurements were made

using Type T (copper/constantan) thermocouples while

accelerometer readings were made with B+K accelerometers.

All pressures were recorded on bourdon type gauges.

.- 7-
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The test drive parameters consisted of temperature mea-

surements at the eddy current coupling cooling water exit.

Another set of thermocouples were used to measure the

temperature of the bearing pads in the output of the high

speed gearbox. Additional thermocouples and pressure gauges

recorded temperatures and pressures of the drive system

lubricant. The test section drive speed was monitored at

the output of the high speed gearbox while circuit breakers

provided additional safeguards for the electric motor and

eddy current coupling.

In the case of the test section, all of the bearing

outer raceway temperatures were measured at two azimuth

locations. Initial attempts to record inner ring

temperatures at the test roller bearing were abandoned when

the telemetry system employed proved unreliable. With the

introduction of under race lubrication at the load bearings

through the bore of the shaft, (required for improved

bearing reliability) measurement of inner ring temperatures

by a slip ring also became impractical. The oil tank

temperature was monitored as was the oil temperature at the

jets to the test bearing. Oil scavenge temperature for both

the oil passing through the test bearing and the oil

rejected at the oil scoop were measured. A chip detector

was located in the oil scavenge lines for both the test

bearing oil scavenge and the oil returning from the load and

support bearings.

-25-
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B&K Accelerometers were installed in the test section

structure to detect radial accelerations at the test bearing

Iuou,;inqg in both tie horizontal and vertical directions. In

the loading arm an axial accelerometer was included in

addition to the radial gauges in the horizontal and vertical

d irec t ions.

The test bearing radial load was applied by reacting

the force applied at the load bearings by means of the pneu-

mritic piston. Control was by the adjustment of a pressure

roegulating valve to control the air pressure. The test

shaft rot-tional speed was measured by utilizing a Bentley

proximity probe to record the passing frequency of a toothed

wheel on the high speed gearbox output shaft. Oil

teinerature was maintained by a Johnsons controller

rejulaiting the flow of oil through the heat exchanger. Oil

heatinq was by five electric heaters (Chromolox 3 Kw)

instalLed in the oil tank.

Initially, all of the above parameters were monitored

manually. However after the first test run it hecame app-

arent that a form of automatic data recording (ADR) would be

requi rovd. It was also decided that limit valIes on the

r,iramters monitored must be included. These woa d provide

itoatic rig shutdown should any of the preset limits on a

sprecfLied parameter be exceeded. The automatic data

recordingj system installed was an "Autodata Eight" with 36

channels programmed to monitor the test bearing functions of

-26-
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speed, outer racp temperatures as well as oil inlet and

outlet temperatures. The remaining channels were used to

monitor additional functions concerned with the performance

of the drive system. The channels and associated shutdown

limits are presented in Table 3 along with their assigned

functions.
. I.

In addition to the APP unit, an eight-channel tape

recorder was employed during the testing (see Table 4 for

channel definition). The tape recorder was an SE LAB model

with a frequency response limit of 10 Khz and was therefore

canable of recordinq any of the frequencies which were

associated with the hearing performance. Indeed, the

hiqhest frequencies which would be encountered were those of

roller spin speed and with a theoretical frequency of

approximately 3 V'hz the signal was %well within the range of

the unit employed. The test hearing cage speed was measured

using fibre optics. In this arrangement, the end face of

the cage was tarnished black, using a sodium sulfide

solution, over 180 degrees of the circumference as shown in

Figure 9. The optically contrastinq surface was transformed

into an electrical output which produced a square wave

signal . By reducing the data onto a time function output,

the caw, rotational frequency could be established. The

roller spin speed was obtained bv magnetizing one roller

element across its diameter so that each end face contained

both a north and south pole, as is shown in Figure 10. Two

coils mounted on the rig 180 degrees apart but adjacent to

-27-
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TABLE 3

ADR HOOK-UP

ADR CHANNEL LIMIT PARAMETER UNIT

000 275 Scoop Oil Inlet Temp. OF

001 350 Scoop Oil Reject Temp. OF

004 350 Oil Outlet, Test Rear OF

005 350 Oil Outlet, Test Front OF

006 350 Oil Outlet Supp. Brg. OF

007 275 Oil Inlet Test Pump OF

010 350 Test Brg. Outer Race TI OF

011 350 Test Brg. Outer Race T2 OF

012 340 Load Brg. Left #1 OF

013 340 Load Brg. Left #2 OF

014 340 Load Brg. Right #1 OF

015 340 Load Brg. Right #2 OF

016 320 Supp. Brg. #1 OF

017 320 Supp. Brg. #2 OF

018 240 H/S Pinion #1 Skin Temp.

Front Brg. OF

019 240 H/S pinion #2 Skin Temp.
Front Brg. OF

020 240 H/S Pinion #3 Skin Temp.

Front Brg. OF

021 240 H/S Pinion #4 Skin Temp.

Front Brg. OF

022 240 H/S Pinion #1 Skin Temp.

Back Brg. OF

023 240 H/S Pinion #2 Skin Temp.

Back Rrg. OF

024 240 H/, Pinion #3 Skin Temp.

Back Brq. OF

-28-



TAB LE 3

AD t BOOK-UP (Concluded)

ADR CHANNEL LIMIT PARAMETER UNIT

025 240 H/S Pinion #4 Skin Temp.

Back Brg. OF

026 350 H/S Gearbox Brg. #1 OF

027 350 H/S Gearbox Brg. #2 OF

028 350 H/S Gearbox Brg. #3 OF

029 350 H/S Gearbox Brg. #4 OF

040 425 Test Brg. Vert. (Left) OF

041 425 Test Brg. Horiz. (Right) OF

042 340 Load Brg. Vert. OF

043 200 Load Brg. Horiz. 0F

044 200 Load Brg. Axial OF

045 200 Supp. Brg. 0F

049 1oV Load Brg. Oil Flow #/min

050 IOV Shaft Speed rpm

051 0-110 Test Frg. Oil Pressure psig

052 0-100 Load Brg. Oil Pressure psig

-29-
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TABLE 4

TAPE RECORDER OOK-UP

CHANNEL LIMIT FUNCTION

1 10 KHz a) To be used for load bearing

roller passing frequency

with ability to switch from

load brg. A to B.

b) To be able to superimpose

voice on this channel.

2 1 KHz To be used for shaft speed

recording.

3 1 KHz To be used for fibre optics

recording on test bearing.

4 5 KHz To be used for roller spin

recording on test bearing.

5 10 KHz To be used for accelerometer

450g OA (AA) at test bearing 1 off

radial.

6 10 KHz To be used for accelerometer

350g OA (AA) at load bearing I off

radial.

7 10 KHz To be used for accelerometer

200g OA (AA) at load bearing 1 off axial.

8 10 KHz To be used for accelerometer

200g OA (AA) at support bearing 1 off

radial.
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- ~ ~ ~ E NOTE 2

POCKET No.1

ROLLER NUMBERED 1 TO 24
IN A CLOCKWISE DIRECTION
WHEN VIEWED FROM THIS SIflE

REFERENCE ROLLER BEARING ESK 9244

I . 10/ SODIUM SULFIDE iRLA'rmI NI TO (A( I DI'0 RAI]. ONLY
i . AG E IPOCKi- r i ,w I I IC C I( TIF ERECI E, A ND ()I

(I 'W'T '' N I 1 ) ' 'T ()(-' Sf[[IE qJ H Fr

2 . S ILVER SU IF IDE, TO) ST1OP AT CROSS RAIL. NEARES)T LAST'
ALPHIA-NUMERIC CHARACTER OF CAGE SERIAL NUMBER

3 . TO flE APPIED I! ON S /N SIDEF OF CAGE

* FIGURE 9 CAGE CONTRAST FOR FIBRE
OPTICS



CCAGE

WEB

* FIGURE 10 ROLLER MAGNETIZATION

-32-



the shaft, would respond to the alternating north, south

field produced as the roller rotated about its own axis.

This roller was placed in the cage pocket adjacent to the

location of the change in contrast on the cage end face.

This position in the cage along with the orientation of the

fibre optics probe in relation to the radial loading

directions on the bearing would permit correlation of the

roller azimuth position. By simultaneously triggering the

cage and roller signal on a time trace output, the frequency

of the roller spin about its own axis at any azimuth

position could be established. This would permit

correlation between roller spin speed and the azimuth

location in relation to the radial load zone to be

established.

2.6 TEST PROCEDURE

The test was conducted according to the schedule shown

in Table 5, with a total duration of 10 hours per bearing.

The test sequence consisted of three major components:

initial calibration, steady state endurance operation and

cyclic endurance.

The calibration run was conducted over the rotor speed

range of 16,666 rpm to 50,000 rpm which corresponds to DN

values from 1 MDN to 3 MIN (for the 60 mm test bearing

employed). The schedule was further refined to evaluate

three oil jet flow rates; the first being at 10 lb/min,

-33-
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which included three radial loadings of 85 lb, 250 lb and 400

lb at the test bearing. The remaining two oil jet flows of 5

lb/min and 15 lb/min complimented only the one bearing

loading of 85 lb. This entire calibration schedule comprised

30 individual test points of 10 minutes each. At the end of

each individual test point, the pertinent parameters of

bearing outer raceway temperatures, oil inlet and outlet

temperatures were recorded. Oil flow rates through the oil

scoop were measured during the speed steps for each of the

oil jet flow rates.

Steady state bearing operation was conducted at a rotor

speed of 50,000 rpm corresponding to 3 MDN. The test bearing

radial load of 85 lb was also maintained constant throughout

this 4-hour operation sequence as was the oil jet flow rate

of 10 lb/min. The bearing parameters were recorded every

half hour.

These points were only used to monitor the condition of

the bearing as a safety measure to confirm its integrity

throughout this sequence of the test schedule.

Cyclic rotor speeds from 33,333 rpm to 45,833 rpm

provided the final stage in the test schedule. This cyclic

endurance consisted of 1 hour of operation with each cycle

from 2 rIDN to 2.75 MDN and back to 2 MDN taking approximately

3 minutes. The oil jet flow rate was maintained at 10 lb/min

and the test bearing radial loading remained constant at 85

lb. The bearing performance was monitored every quarter hour

to establish the integrity of the bearing.

-35-
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The bearings were tested according to the following

randomly-selected sequence.

TEST BEARING TEST COIPLETION DATE

ESK 9244-11 23/12/80

ESK 9244-03 15/04/82

ESK 9244-10 10/09/82

ESK 9244-09 28/09/82

ESK 9244-09A 21/10/82

ESK 9244-07 22/12/82

ESK 9244-02,

ESK 9244-01,

ESK 9244-08,

ESK 9244-06,

ESK 9244-09B,

ESK 9244-04,

ESK 9785-01,

ESK 9785-02,

ESK 9785-03,

ESK 9785-04

Test bearing 09 and 09A and 09B, were repetitions of
the same predominant parameters. The consistency of the

wear measurements from these three bearings would ensure
that the testing procedure was not being altered.

The lubricant used for the test section was formulated

according to MIL-L-7808. The initial quantity of oil was

supplied by the USAF. However as testing proceeded,

additional MIL-L-7808 oil was obtained from EXXON OIL.
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2.7 Measurements

Prior to initiating the test schedule, each individual

roller, which was numbered on the end face, was measured for

roller skew angle, roller weight as well as roller dynamic

unbalance.

2.7.1 Roller Geometric Measurements and Unbalance

Roller skew angles were obtained utilizing the fixtures

shown in Figure 11. The individual roller was locked within

the fixture using a thumb screw. The unit was then adjusted

so that it was tangent with the bearing raceway at the point

of roller contact with the inner raceway. The total side to

side skewing motion of the roller and fixtures were measured

at a known point from the roller axis. The skew angle

therefore is the arc sine of one half of the total side-to-

side skewing travel of the fixture.

The roller individual weights were measured using a

Gramatic scale manufactured by Fisher Scientific Company.

The actual model used was the Macro Gramatic catalog

No. 1-910 with a capacity to 200 g. The specific

performance data of this unit is a precision of t.03 mg with

an accuracy in the optical range of t.05 mg.

The roller dynamic unbalance was obtained using a FAG

balancing machine model MGR 25-4. The individual roller

elements were marked with a contrasting paint over one half

of the roller end face diameter. This marked end was always

on the unnumbered end of the roller. The roller
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7" TV

was then spun on its axis and the unbalance associated with

each end face plane was measured along with the phase angle

relative to the contrasted end face marking. The unbalance

measured in mg mm at each plane was then combined using the

program referred to in Figure 12.

2.7.2 Epicyclic Motion In a rolling bearing, the

elements orbit the bearing axis and at the same time revolve

about their own axis. This orbital motion which is

coincident with the bearing cage speed was therefore used to

establish the epicyclic motion of the bearing. The bearing

cage rotational speed was measured by using fibre optics. A

two level signal was generated by light reflected off of the

side rail of the cage. This bi-level light signal was the

result of the difference in reflectivity of the silver and a

tarnished (10% sodium sulfide) section of the cage, each

consisting of 180 degree sectors of the cage circumference.

The change in reflectivity was then converted to an

electrical signal recorded on magnetic tape which could

subsequently be plotted against a time function to provide a

pulsating frequency equivalent to the cage rotational speed.

2.7.3 Roller Spin Speed To determine whether or not

rollers in high speed bearings experience pure rolling on

the outer race, roller spin speed was measured on several

occasions. This measurement was accomplished using two

roller spin coils, which are essentially spools of magnet

wire and were supplied by "F.A.G". Its operation was

dependent upon the magnetically induced alternating

-39-
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eloctrical signal ,tenerated by the roller which had .

previously been magnetized with north and south poles across

its diameter. The resulting signal was then amplified and

recorded on magnetic tape for subsequent analysis.

2.7.4 Lubrication Effectiveness

2.7.4.1 Oil Scoop Efficiency An investigation

of bearing oil flow rates and of the axial oil scoop

efficiency was carried out under constant load conditions

for the three oil jet flow rates of 5,10 and 15 lb/min.

This under-race lubricated bearing was supplied with oil via

a rotating annulus formed by a lip on the spanner nut

communicating with the bearing through axial slots in the

shaft outside diameter.

The test section (FIG 7a) was constructed such that

lubricant discharged from the test bearing could be

collected separately from that spilled from the axial oil

scoop. Comparison of these flows permitted assessment of

the efficiency of the lubricant delivery system.

2.7.4.2 Under-Race vs Side Jet Lubrication The

test section load bearings were modified to provide

under-race lubrication for improved bearing reliability.

This modification to the oil supply system provided the

means for a comparison of the cooling effectiveness of the

systems.

-41-
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3.0 TEST RESULTS

3.1 ESK 9244-11

3.1.1 Roller Weight and Skew Angle Change The

individual roller weights as well as the skew angles were

measured and recorded before and after running the 10 hour

test. These results are presented in table 6. The

individual rollers show an almost negligible weight change

with an average loss of .0001 gm. The result of a

statistical analysis on roller weight with a 99% confidence

level, was that the roller weight change is negligible.

The individual roller skew angle change was more

pronounced with an average increase in angle of 2.401

minutes (.000699 radians). Since this skew angle increase

is associated with an insignificant roller weight change, it

may be that the skew angle increase is guide flange wear

rather than roller end wear. Any guide flange wear was not

visually detectable. A visual inspection of the roller end

faces did not indicate any pronounced wear. What wear was

present is of a concentric pattern which would tend to

maintain proper roller tracking as opposed to asymmetric

wear which has been associated with excessive roller skewing

during running and could lead to cage side rail fracture.
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The very small levels of roller weight losses

which occurred after 10 hours of operation coupled with the

very small amount of dynamic unbalance (See Table 7) would

be expected to result in a small skew angle increase as seen

in table 6. This is the case and as seen in the comparison

with other test bearings presented in Table 6, the skew

angle increases are the second lowest exceeding only those

of ESK 9244-03.

3.1.2 Oil Temperature Changes Figure 13 is a

presentation of the oil temperature changes recorded during

the 5 hour calibration run of 30 points. The plot is the

increase in oil temperature as it had passed through the

test bearing.

Further elaboration concerning the data

generated for this figure must be presented. The first

point is that because of extremely cold test cell ambient

conditions and the length of oil piping supplying the test
bearing, the temperatures at the oil jet nozzle were

significantly below the limits specified in the test

schedule of Table 5. The second point is that the

thermocouples which were located in the oil scavenge lines

were located approximately 3 feet downstream of the test

section. Therefore, some heat loss to the surroundings must

be expected within this length. A final point of

consideration is the heat conduction, within the test

section itself, from thQ slave bearing section oil scavenge

which collects in this area before being returned to the oil

tank (see figure 7a).
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3.1.3 Bearing Outer Ring Temperature Test bearing
outer ring temperatures were measured with two thermocouples

(table No.3) with the results presented in figure 15. The

test results indicate that an oil jet flow rate of 10

lb/min. provides the coolest outer ring temperature

operation at the 3.0 MDN level. However at speeds below 2.5

MDN, the minimum jet flow rate of 5 lb/min. is most

effective. The high jet flow of 15 lb/min. is the most

ineffective in maintaining cool outer ring operation. These

results can be explained by the fact that the high flow

rates of 15 lb/min. would entrain a larger volume of oil

into the bearing than either of the other flow rates. Since

a major portion of the heat is generated (according to

theory) by viscous drag, it is logical that the high flow

results in the hottest running bearing. At the other

extreme of 5 lb/min., the oil flow rate is not sufficient to

adequately cool the bearing at the high speed end of the

testing range although it provides for the coolest running

bearing at the low speed range.

Running the bearing with 10 lb/min. jet oil flow

and varying load shows that load is not a significant

parameter for heat generation and has a diminishing

significance at the higher speed range.

3.1.4 Bearing Oil Flow Rates An investigation of

bearing oil flow rates and axial scoop efficiency was

carried out under constant load conditions for the three oil

jet flow rates of 5, 10 and 15 lb/min. The results

presented in figure 16 would indicate that the highest scoop
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rejection rate is synonomous with the highest jet flow

rates. In all cases, oil scoop efficiency improves with

increasing speed and is the result of the increased pumping

with the highest overall efficiency gain associated with the

maximum flow rate.

3.1.5 Bearing Cage Speed The results of the bearing

cage speed investigation are presented in figure 17. The

plot considers the effect of varying oil flows and bearing

loads over a range of shaft speeds. The figure is a plot of

percentage cage speed from theoretical epicyclic vs shaft

speed.

Considering only load changes (at a constant

flow rate of 10 lb/min) up to a maximum speed of 3 MDN it

can be seen that the percentage of cage speed for 100 lb,

and 300 lb is virtually identical at 2 MDN and the

difference remains small even at 3 MDN. At the load of 500

1b however and 2 TIDN the percentage cage speed (to

theoretical) is about 5% higher, at 3 MDN, all speeds are

virtually identical. The results would imply that a

threshold exists above which slip is dramatically reduced.

As the speed is increased, it would appear that, for the

loads used, the overriding factor is that the cage speeds

are similar irrespective of load or oil flow rates.
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At shaft speeds below 2.5 MDN the cage

speed is shown to also be dependent upon the oil flow

rates. At 2 MDN for instance and 100 lb load, the cage

speed varies from 77%, 89.5% and 83% of true epicyclic for

5, 10 and 15 lb/min. flow rates respectively. As speed
increases however, this difference is reduced and the main

affect seems to be that of speed and is independent of load.

Figure 17 indicates a maximum cage speed

occurring at 2.9 MDN and decreasing at the 3 MDN value. No

viable explanation for this effect has been found.

3.1.6 Bearing Roller Spin Speed The roller bearing

spin speed data was recorded on tape and the data reduced to

x, y plots maintaining the phase relationship with the

roller frequency and cage frequency. The roller spin speed

data has been reduced and presented in figures 18 and 19.

The figures present the roller spin speeds for different

azimuth positions considering loadings of 100 lb and 500 lb

respectively and cover a variety of speed ranges. It was

expected that the spin speeds would increase as the roller

entered the bearing load zone and then decrease in the

unloaded areas. It is evident that the roller experienced a

wide range of speeds over one entire cage revolution. The

spin therefore does not appear to be a function of roller

azimuth, i.e., load position nor shaft speed cage

revolution.
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Based on the results of this bearing test, no

definitive conclusions can be realized as to the roller spin

speed behaviour.

3.2 ESK 9244-03

3.2_1 Roller Weight & Skew Angle Change The

individual roller weights were measured before and after

running the 10-hour test and the differences are presented

in table 6. The individual rollers show an almost

negligible weight change with an average loss of .OOUOb gin.

with standard deviation of .000097 gin.

The skew angles for each roller are recorded

both before and after the 10-hour tests. These measurements

are carried out with the test bearing inner race and

rollers. The roller skew angle change for this bearing is

recorded in table 6; an average skew angle change of .495

minute has been recorded.

The total skew angle increase for this bearing

is the smallest of all of the bearings tested and is

approximately one-fifth of the next smallest skew angle

increase. The level of initial roller element dynamic

unbalance was also extremely low and is at least one half of

the next lowest value. Based on the low levels of initial NO
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dynamic unbalance (see table 7) and weight change after

operation, the low skew angle increase was to be expected.

3.2.2 Oil Temperature Changes Figure 20 is a

presentation of the oil temperature changes recorded using

the five (5) hours of "Calibration" running according to the

test sequence of table 5.

The oil flow rate of 10 lb/min. with the three

radial loadings (see fig. 20) show an increase in

temperature with increased loading. In particular, for

loadings of 85 lb and 250 lb the variation in oil

temperatures is minimal. However, as the loading is

increased to 400 lb, a larger temperature increase of 5°F

above the previous two lower loading conditions exists which

diminishes as the speed approaches 50,000 rpm. Here the

predominant factor in oil temperature increase is speed

rather than load. In general an oil temperature rise of

50°F occurs over the speed range from 1 MDN to 3 FIDN. While

temperatures at speeds below 1 MDN remain relatively close

to oil inlet temperature.

The minimum oil flow rate of 5 lb/min and a

radial loading of 85 lb. results in the largest temperature

increase of 64%F at 3 MDN. This is 140F above the 10

lb/min. flow rate and 16°F above the maximum oil flow of 15

Lb/min.
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The temperatures for 10 lb/min. I-Low and 400

lb radial load is coincident with the 85 lb load and minimum %

flow (5 lb/min) until 2 MDN. Above this speed, and

disregarding the major influence of speed on temperature,

loading becomes more influential in increasing oil

temperatures, but the predominant factor would appear to be

oil flow rates.

The maximum oil flow rate of 15 lb/min results

in the lowest oil temperature increase. Although at 3 MDN,

the temperature is almost coincident with the 10 lb/min

flow, at speed ranges below 1.5 MDN the higher flow rate

runs marginally hotter than a 10 lb/min oil flow.

3.2.3 Bearing Outer Ring Temperature Figure 21 is a

plot of the bearing outer ring temperature. The coolest

outer ring is associated with the highest oil flow rate of

15 lb/min. for an overall gain of 550 F as compared to 43*F

for the oil temperature change of figure 20. The highest

outer ring temperature was encountered when the bearing was

run with the lowest oil flow of 5 lb/min. In this case the

outer ring reached a temperature of 318OF and was rising

very sharply at the 3 MDN limit.

In case of a constant 10 lb/min. oil flow

rate, the temperatures at 3 MDN increased as the loading

increased, although the temperatures for the loadings of 85

lb and 400 lb are only approximately 60F apart.
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Th(, results of Load variation and the constant

oil flow of 10 lb/min. would indicate that speed rather than

load is the predominant factor for heating of the bearing

ring. The variation in flow rates is, however, the major

factor with a temperature range, at 3 MDN, of 320 F (from 5

lb/min. to 15 lb/min. oil flow rates).

3.2.4 Bearing Cage Speed The bearing cage speed is

established using a fibre optics probe and a test bearing

cage blackened over 180 azimuth degrees. The signal is

produced by reflection/absorption and produces a square

wave. When the signal is plotted as a time function, the

cage rotational frequency is established.

The cage signal strength decreased within the

first test points run on the bearing, and was lost within

the next several test points. Upon the completion of the

bearing test and subsequent rig strip, it was discovered

that all cages (i.e, test as well as support bearings) had

turned black. It was, therefore, this lack of contrast

which prevented the fibre optics probe from functioning.

3.2.5 Roller Spin Speed Some difficulty has been

experienced with this equipment, and shaft speed has been

registered rather than the roller spin speed. The source of

this anomaly has not been established but it may originate

from a residual magnetic field within the rig. The roller

spin coils can be connected either in series or in parallel
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and may influence the type of signal frequency received. At

the initiation of the test, the coils were wired and

positioned to generate the strongest signal, and it was not

until data reduction began that the loss of spin frequency

became apparent.

3.3 ESK 9244-10

3.3.1 Roller Weight and Skew Angle Change The

individual roller weight and skew angle changes are

presented in Table 6 and are the results of 10 hours of

operation according to the test schedule. The mean skew

angle increase of .0125 radian is the highest value of the

bearings tested with the exception of ESK 9244-07 which had

terminated in bearing failure. The average weight loss of

the rolling elements of .0012 gm is also the largest loss of

any of the bearings tested, again with the exception of ESK

9244-07. Roller number 12 which did not reflect any weight

loss had a skew angle change approximately one-half of the

calculated mean while still being the second smallest value

of all 24 rolling elements. The largest skew angle increase

was associated with the largest dynamic unbalance (roller

number 23 see Tables 6,7). While the dynamic unbalance of

roller number 12 was approximately one quarter of the mean

value, the skew angle change was only one-half as large (as

the maximum value).
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3.4 ESK 9244-09 The testing of the bearing was interrupted

after 6 hours of running to facilitate modifications to the

test rig assembly. The testing had proceeded to the point

of completion of all the calibration running as well as 1

hour of the endurance operation. This opportunity was used

to perform geometrically associated measurements of roller

weights and skew angles. At the completion of the test

schedule, these same bearing parameters were again measured

and recorded. It was therefore possible to associate the

wear with a particular period of operation (see figure 22).

3.4.1 Roller Weight and Skew Angle Change The

results of the skew angle and weight changes are shown in

Table 6 after 6 hours of operation as well as at the

completion of the 10-hour test. Considering first the

results after six hours of operation, the average weight

change of .00044 gm includes the effect of three rollers

(numbered 9, 11 and 13) which did not show any loss of

roller weight. Paradoxically, two of these same rollers had

the most significant increase in roller skew angle change.

And, at the completion of this test, two of these rollers

still did not show a loss in roller weight although roller

number 11 almost doubled in skew angle increase. This

roller also had the fifth highest dynamic unbalance value.

The other roller (i.e roller number 13) which did not change

weight during operation showed a slight decrease in skew

angle change. This anomaly may have been the result of

roller orientation in relation to the wear on the end faces

when the measurement was taken. The mean weight lost after

6 hours of operation (60% of the total test time)
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approached 88% of the total weight loss while the mean skew

angle increased by approximately the same percentage of

89%. This would indicate that the roller wear rate is

initially very high and is reduced as the testing

progresses, suggesting a "wear in" period of operation. The

general trend is one of increasing skew angle with

increasing unbalance and roller weight loss.

3.4.2 Bearing Cage Speed The results of the bearing

cage speed investigation are presented in Figure 23 and

consider the effects of variations in radial loads and oil

flow rates over the speed range of 1 MDN to 3 MDN.

Considering a constant oil flow rate of 10

lb/min and a variation in loading, the cage rotational speed

approaches the theoretical speed confirming the expected

result of better roller traction under the influence of the

higher load. However, as speeds increase above 1 MDN the

cage speed drops off slightly but the higher radial loading

still produces cage speeds which are nearer to the

theoretical.

At 3 MDN however, the cage speeds corresponding to 400 lb

and 85 lb radial load are coincident and marainally above

the cage speed associated with the 250 lb radial load. The

largest percentage cage slip at 1.0 MDN occurs under a

loading of 85 lb with an oil flow rate of 5 lb/min. and is a

-66-
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few percentage points below the 10 lb/min. oil flow rate

with corresponding loading. The 250 lb load with 10

lb/min. oil supply have coincident points at 1 MDN with the

15 lb/min. oil flow at the lower loading of 85 lb. At 3

tDN, the 15 lb/min. oil flow rate (with 85 lb radial load)

resulted in the highest cage speed. Based on these two

results, it would suggest that either the higher percentage

of oil within the bearing provides additional

circumferential driving force, since the oil is delivered at

inner ring speed, or the extra heat generated within the

bearing as the result of oil churning, has reduced the

bearing internal clearance providing for additional roller

loading. At the extreme speed range of 3 MDN, the

predominant factor influencing cage speed appears to be the

rotor speed since all of the test points are within a few

percentage points of each other.

3.5 ESK 9244-09A The test schedule for this bearing was

temporarily interrupted after 4 hours of operation because

of difficulties experienced in the operation of the test

rig. In this sequence all of the "calibration" running had

not been completed with the operation of 15 lb/min. oil flow

rates outstanding. As in the case of the other interrupted

operation, measurements of weight and skew angle changes

were recorded to provide a graduation of change in these

parameters (see Figure 22).
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3.5. 1 Roller Weight and Skew Angle Change The

results of the skew angle and weight changes presented in

Table 6 are measurements taken at the end of 4 hours of

operation and at the completion of the test schedules.

Considering the results after 4 hours of operation, some

instances of individual roller weight increases were

noticed, and have been attributed to errors in measurement

since these values were very small and at the limits of the

instrumentation. The weight change increased by a factor of

10 at the termination of the test while the skew angle

doubled from the measurements taken after 4 hours of

operation. These changes are much more dramatic than those

recorded for test bearing ESK 9244-09 after 6 hours and 10

hours of operation. In comparing these results, it would

appear that operation at 3 MDN, as occurred in ESK 9244-09,

was the major wear period for the bearing.

The results, on weight change, after 10 hours

of operation is virtually identical to that for the similar

bearing ESK 9244-09 tested. In the case of the skew angle,

however, this change appears to be in direct ratio to the

degree of initial dynamic roller unbalance (see table 7) in

each bearing set.

3.6 ESK 9244-07 The testing of this bearing was

terminated by the fracture of the cage side rail (see Figure

24A through 24E). The total running time on this hearing

was 7 hours 15 minutes with cage failure occurring after 2

-69-

I.



«0

w<LU

w>

D u
0

-70- **OO



IL
T., 0

0

Ltw
C\JO0

Q)LJ

0

cmw

m I

-71 -



I

wccmU)

HJ

~E!L

00

- 7 2- .. . .



LL

IaU

0)O

COJ~

0

-73 -

* . % .. * -. * * ~ * . . . . . .



Cc0
r.

00

cJ
C)~

ODLL

co
HOC LL

w-c

/)0

-74-



and 1 quarter hours of operation in the endurance schedule.

Prior to this, the bearing operation was relatively

uneventful with the only noteworthy occurrences being a 5-

minute run at test point no. 23 before it was terminated due

to high outer ring temperatures, and the elimination of
"calibration" test point no. 24 also due to high outer race

temperatures.

The test rig shutdown was automatic when the

outer raceway temperature reached the pre-set limit values

of 350 OF, maximum temperature recorded were 390 OF and 401

OF (for the two outer race thermocouples located in the

horizontal plane 180OF apart). Simultaneous with the

automatic shutdown, the test operator initiated emergency

shutdown procedures when shaft speed fluctuations were

noticed on the panel readout. The fractured cage was

apparent after the rig was shut down and the front cover

removed. The test bearing was removed for detailed

inspection and recording. The side rails of the cage pocket

containing roller number 21 were fractured and the side

rails on the non-flanged side (of the outer ring) were

approximately one quarter of the original axial width

suggesting wear from contact with the roller end face. Only

the cage pockets on each side of the fractured pocket showed

similar side rail wear and was located on the same side as

well. All of 24 roller elements were heavily pitted over
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their entire circumference with roller number 21 (located in

the cage pocket with the fractured side rails) showing the

most significant diametral change with approximately .005

in. loss in diameter (other rollers averaged .001 loss in

diameter). Heavy wear and metal removal were present in the

bearing outer race especially toward the flanged side with

discoloration indicative of severe over temperature. The

inner race showed signs of distress with the pitting over

the entire surface being more pronounced on the flanged side

of the bearing assembly.

3.6.1 Roller Weight and Skew Angle Change The

roller weight and skew angle changes recorded were the

result of the 7 hour 15 minute test run and the subsequent

bearing cage fracture. Since the final weight and skew

angle measurements were made after the bearing failure, it

is impossible to assign values of change to normal operation

up to the failure point from those associated with the

bearing cage fracture. The skew angle increases were

remarkably consistent, as is obvious in reviewing the

results presented in table 6, with roller number 21 only,

being 30% above the average, the weight loss for this roller

was much more dramatic at 116% above the average value. The

dynamic unbalance of this particular roller however was 35%

below the average (see table 7). If it is assumed that the

cage side rail wear was the result of roller skewing motion

before fracture, then factors other than initial dynamic

-7b-h:°
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unbalance of the roller must be considered. The results

presented in Table 6, because they are measurements taken

subsequent to the bearing failure, must be viewed with

caution, the initial dynamic unbalance however does provide

for valid comparisons. In this case, the average dynamic

unbalance is exceeded only slightly by the highest unbalance

measured which is associated with bearing ESK 9244-09, and

is almost twice as high as the next largest initial mean

dynamic roller unbalance value measured on the duplicate

bearing ESK 9244-09A.

3.7 Bearing Not Tested Testing on bearing ESK

9244-01 was terminated at point 27 of the calibration

schedule when a failure of the Conrad bearing occurred.

Investigation of this failure revealed a significant design

fault in the test section to drive coupling adapter.

Rectification of this problem would have required extensive

funding beyond contract and it was agreed with the USAF that

the program be terminated at this point and conclusions be

drawn from data already generated.

Bearings not tested as a result of this

decision were as follows:

ESK 9244-01

ESE 9244-02

ESK 9244-08

ESK 9244-06

ESK 9244-09[

ESK 9244-04

ESK 9785-01

ESK 9785-02

ESK 9785-03

ESK 9785-04
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3.8 Load Bearing Lubrication The modification to the

load bearing oil supply system provided the means for a

direct comparison of the cooling effectiveness of the side

jetted and under-race oil schemes. These results are

presented for the speed ranges of 1.0 MDN to 3.0 IDN. As is

evident in figure 25, a reduction in the raceway temperature

of approximately 100°F at 3 MDN was achieved by the

employment of under-race lubrication.

4.0 ANALYSIS OF ROLLER END WEAR DATA

In fulfillment of the requirements of reference 1 the

wear data has been subjected to statistical analysis at

P&WA, East Hartford and the results and conclusions drawn

therefrom are detailed in the following report.

4.1 Summary The present 60 mm bearing data suggests

a qualitative trend in agreement with the 124 mm test

results but does not warrant any modification of the TRIBO I

wear model. Any further tests to improve the wear model

should be directed toward:

i) Clarifying the wear coefficient in relation to

break-in vs steady state and the effects of speed, oil

temperatures, oil flow etc.

ii) Completion of the test as planned in the original

design experiment, see Table I and

iii) Final correlation of the data resulting from

these tests with the TRIBO I model.
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- 4.2 Statistical Analysis of Wear Data The

statistical analysis of the wear results from the small bore

bearing tests was completed. Table 8 displays the

recommended design experiment test plan for evaluating

the effect of various geometric parameters on the wear

characteristics of 60 mm bearings. The experiment was

designed to enable separation of the main effects of seven

parameters which would be done by evaluating bearings 1 thru

14, see Table 8. Furthermore, the effects of two bearing

vendors, FAG and SBB, bearings 6 and 15 respectively, would

be evaluated. Only six bearings were actually tested,

however with one bearing a repeat, No. 9A, and one bearing

No. 7 having failed. Table 9 shows the relative level of

the six controlled parameters and corresponding initial

dynamic unbalance. Inner ring guide flange height was held

at a constant level for these bearings, so it is not

included in the analysis. Since only four of the 14

recommended bearings were successfully tested, several

parameters were confounded; i.e., concurrent changing of

their relative (high-low) values occurred making it

impossible to deduce one trend as being more significant

than another. Also in Table 9 are the average wear values

of 24 rollers for the 10-hour test. The eight parameters

included in the analysis to explore the wear characteristics

are (see Table 10 for actual dimensions):
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TABLE 8

RECOMMENDED DESIGN EXPERIMENT

BEARING PARAMETERS

BEARING

VENDOR NUMBER A B C D E F G

1 0 0 0 0 0 1 1

2 0 0 0 0 1 1 1

3 0 0 0 1 0 0 0

4 0 0 1 0 0 1 0

0 0 1 1 1 0 1

FAG 6 1 1 0 0 0 0 0

7 1 1 0 1 1 1 1

8 1 1 1 0 1 0 1

1 1 1 1 ( I 0
10 1 1 1 1 1 1 0

11 (B/L) 0 0 0 1 0 1 0

12 1 0 1 0 0 1 1

SBB 13 0 1 1 1 0 0 1

14 1 1 0 0 0 0 0

15 1 1 0 0 0 0 0

LEGEND

0 indicates the low value of the parameter

I - indicates the hiqh value of the parameter

A - Roller Corner Radius Punout

B - Roller End Squareness

C - Roller End Clearance

D - Inner Ring Guide Flange Height

E - Inner Race Taper

F - Roller L/ Patio

G - Guide Flange Cortour
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TABLE 9 RELATIVE WEAR RANKING
(WITHIN MATRIX)

0 I INNER RACE TAPER

0 1 0 1 GUIDE FLANGE CONTOUR

0 1 0 1 0 1 0 1 ROLLER L/P RATIO

9.9A 10 %

CD (1)

KEY: Block includes bearing
C inumber and, in par-

-- _enthesis, the relative

wear ranking

- 9A is a repeat of 9.

0 - low runout value

I - high r~inovit value

L 1-

(6) (5)

seai< Average Average Relative

Bearing Weight Loss ASkew Wear Rank
of (grams) (radian)

, 3 .00006 .0002 (6)

.. 7 .02982 .0281 (1)

S:Y .0005(1 .01 17 (3)
9A .00060 .0061 (4)

10 .00123 .012 ,(2)
I() )000! 3 .0007
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TABLE 10

ACTUAL BEARING DIMENSIONS

BEARING PARAMETER 3 7 9 9A 10 11

Roller Corner Rad. R/O .0018 .0692 .0692 .065B .0708 .0016

Roller End Squareness .0005 .0081 .0084 .0048 .0104 .0005

Roller End Clearance .024 .028 .078 .070 .069 .027

Inner Ring G.F. Ht. 70.072 70.096 70.095 70.086 70.087 69.737

Inner Race Taper .172 3.438 .630 .458 3.323 .573

Roller Length 6.004 8.003 8.008 8.004 8.008 8.004

Guide Flange Contour Flat Round Round Round Flat Flat

Initial Dyn. Unbalance 2.716 86.669 89.950 45.560 39.810 5.194

All parameters are measured in "mm" except Inner Race Taper (minutes)

and Initial Dynamic Unbalance (mg-mm

-83-
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A. Roller Corner Radius Runout

B. Roller End Squareness

C. Roller End Clearance

D. Inner Ring Guide Flange Height

E. Inner Race Taper

F. Roller L/D

G. Inner Ring Guide Flange Contour .

H. Initial Dynamic Unbalance

Key observations from Table 9 are: (a) the data

available for analysis is sparse resulting in confounded

effects, (b) parameters A, B, and H increase concurrently as

relative wear increases, and (c) parameter E increases as

relative wear increases.

The main parameters affecting high speed roller bearing

life are considered to be average roller weight loss and

average skew angle change and will therefore be used to

evaluate and rank the roller bearing variables tested. For

the statistical analysis these two dependent variables are

expressed as follows:

Y1 , Average Weight Loss

Y2, Average Skew Angle Change

Multiple regression equations were developed from the

experimental weight loss and skew angle change data by the

method of least squares. Each equation yields the mean

value of one of the dependent variables. The equations,

-84-
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therefore, yield the expected wear performance of a roller

bearing under specific operating conditions. Prior to the

development of the actual regression equations, a

mathematical model was in each instance formulated relating

the independent variables to the dependent variable. The

general form of the model is a multivariate polynomial in

which the coefficients appear linearly. The terms in each

model are candidates for inclusion in the fitted regression

equation.

The general model takes the form:

A
Y = B 0 X0 + B l X1 ... + BnXn + e = Y+ e

where Y is the observed value of a particular dependent
A

variable, either Yj or Y2 , Y is the observed value of the

dependent variable computed from the expression involving

the X and B terms, where the X terms are the value of the

independent variables, the B terms are the coefficients to

be estimated from the experimental wear data, and e

represents the difference between the observed and the

estimated value of the dependent variable due to the

residual variation or experimental error in the

observations.
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The regression analysis was performed both with and

without hearing 7 since it is not known how the failure

af[ekcted the inaqnitude of the wear character ist ics. These

data sets were analyzed in order to determine the values of

the regression coefficients as well as other statistics.

The regression models developed for each dependent variable,

Y 1 , and Y 2 are shown in the tabulations below. The

information presented includes;

* Variable name

. COEFFICIENTS: Calculated values of the regression

coef fic ients

* SIGNIFICANCE LEVEL: The numerical percentage

describing the significance of a cause (independent

variable) and effect (delpendent variable)

relationship. The higher the percent, the more

statistically meaningful the relationship.

PERCENT VARIABILITY EXPLAINED: R2 , which is the

square of the multiple correlation coefficient R, is

a measure of the proportion of variation in the

dependent variable accounted for by the regression

equation. The closer R2 is to 100% the greater the

accuracy of the prediction equation.
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SEE, or Standard Error Estimate, is the magnitude of

the error for the prediction of the dependent

parameter. Pegression analysis minimizes the SEE

value where
A
Y is the calculated value of the dependent variable

based on the reqression equation

Y is the actual value of the dependent variable

and

A
Y - SEE -Y - Y + SEE 68% of the time

A A

Y - 2 SEE 6-Y -Y + 2 SEE 95% of the time

A A
Y - 3 SEE 4 Y Y + 3 SEE 99.7% of the time

where the actual value will he contained within the

interval of Y + K SEE a qiven percent of the time.

A

P P, the correlation between Y and Y, is an index

indicatinq the degree of association between and Y,

where a value of 1.0 indicates a perfect fit, i.e.,

no experimental error, and a value of 0 indicates no

association, i.e., large experimental error.

* N is the sample size

-8 7-
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4.2.1 Multivariate Linear Regression Without Rearing 7 i

I .°

Dependent Coefficient and k Variability
Variable Independent Variable Intercept Significance Level Explained See R N rigure

Average Roller Corner Radius Munout 0.00006 0.0105 (91) 67.4 0.00031 0.621 5 29
Weight Loss

Roller End Clearance -0.00022 0.0104 (651) 55.0 0.00036 0.742 5 30

Roller End Squareness 0.00004 0.0939 (964) 81.1 0.00024 0.901 5 26

Initial Dynamic Unbalance -0.00028 0.000006 (754) 20.4 0.00048 '0.452 5 31

Average Skew Roller Corner Radius Runout -0.00011 0.1495 (968) 66.1 0.0026 0.926 5 32
Angle Change

Roller End Clearance -0.00S10 0.2096 (97%) 84.6 0.0027 0.920 5 33

Roller End Squareness -0.00026 1.300o (99.91) 96.4 0.0009 0.992 5 27

Initial tf/namic Unbalance 0.00107 0.00014 (926) 69.5 0.0038 0.034 5 34

-88-
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The above regression equations demonstrate that Roller End

Squareness is only slightly more significant than the other

three parameters with which it is confounded. This

comparison will not he done for the following equations

since two independent variables have been included, making a

similar comparison very difficult.

4.2.2 11ultivariate Linear Regression Including

Rearinn 7

. For Averaqe Weight Loss - No significant regression

possihle because average weight loss for bearing 7 is

20 times that of the next largest.

. For Average Skew Angle Change (Figure 28)

COEFFICIENT SIGNIFICANCE LEVEL

Constant -0. 00286

Inner Pace Taper -0.00385 95%

Initial Dynamic Unbalance 0.00016 95%

Percent Variability Explained = 93.0 SEE = 0.00357 radians

R 0.964 N = 6

The significance leve] permits the evaluation of each

tern in the response regression equation with a value < 80%

indicating no significant effect and a value - 99%

indicating a very strong hearing variable. Those

independent parameters not included in the reqression models

were either not statistically significant, or correlates

'%I
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with a parameter already in the equation (confounded).

Figures 26, 27 and 29 thru 34 show graphic

representations of the single-variable equations. Figure 28

exhibits the best fit line through the data for initial

dynamic unbalance at both high and low levels of inner race

taper.

4.3 TRIBO 1 and the Wear Model

TRIBO I is a state-of-the-art cyclindrical roller

bearing design tool developed by P&W under contract with the

Navy and Air Force in the High Speed Roller Bearing Program,

References 1 and 2. The program is composed of two basic

modules - STATIC and SYSDYN. The module SYSDYN is, in turn,

cComposed of the modules CADYN and RODYN. Figure 35 shows the

relationship of the modules to each other and to the complete

program.

STATIC is the module containing the structural analysis

of the bearing due to loads resulting from quasi-static

equilibrium. RODYN is the module that analyzes roller

dynamic behavior without the influence of the element

retainer or cage. CADYN is the module that analyzes the cage
dynamic behavior without the influence of the rollers. The

module SYSDYN analyzes the complete system dynamic behavior

allowing full interaction among the rollers, the cage, and

the two raceways. The complete program, TRIBO 1, is employed

by running the modules STATIC and SYSDYN together so that the

output from STATIC is used as input to the module
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SYSDYN.STATIC may also be run to provide input for the module

RODYN.

The computer program was constructed in a modular

fashion to maximize flexibility and efficiency and to allow

for partial analysis, wherein a certain aspect of the

analysis may be considered separately in order to save

computation time.

TRIBO 1 requires input information which specifies

significant geometry features of the bearing such as corner

radius, guide flange layback angle and end clearance. Each

of these geometry variables has an effect on the overall

force system acting on the rollers and cage and thus affects

the dynamic motion of the bearing. As bearing diameter

increases or decreases from some reference value, the

relative importance of one geometry feature compared to any

of the others may change. For example, parameters such as

roller diameter and length which affect the overall mass of

the roller may increase considerably if the bearing radius is

doubled, while roller end clearance which affects the dynamic

damping at the roller ends remains relatively constant.

TRIBO 1 has been correlated for 124 mm roller bearings

under contracts N00140-76-C-0383 and N00140-81-C-4800. The

wear data generated from the parametric testing conducted

under these contracts has been incorporated into the TRIBO I

wear model as described in reference 1. Updates to the

model, reference 3, included the effects of corner radius

runout and end runout on both dynamic behavior and wear.
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In each of the previous contracts, the relative

- importance of each parameter with regard to the overall

dynamic behavior of the bearing, including its wear rate, was

well established via testing. Since the dynamic motion of
the bearing as modeled by TRIBO 1 was also correlated to the

same test data, there is a high degree of confidence that the

output roller motion and wear prediction are realistic for

bearings of similar size run at similar speeds.

Because of the small number of bearings successfully run

for the 60 mm program, it is not possible to statistically

separate the effect of each geometry parameter on the overall

motion or resulting wear. Thus, a comparison cannot be made

with the previous 124 mm data to determine if any changes in

the relative ranking of the individual geometry variables has

occurred. Without such a comparison, modification of the

* existing TRIBO 1 wear model would not be meaningful and is

. not recommended.

Review of the limited amount of data available does not

indicate that any significant changes in the relative

importance of any of the tested parameters has occurred with

the reduction in bearing diameter to 60 mm. Thus, basic

trends identified in the original TRIBO 1 wear correlation

based on 124 mm bearing data have been confirmed by the 60 mm

test data but further quantification of the wear coefficients

in the analysis to reflect small bearing operation is not

practical under the current circumstances.
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The present TRIBO I wear model is based on the

applicability of Archard's Law of wear on impact sliding

during roller and guide flange metal to metal contact.

Archard's Law of Wear states that the wear

=K PiSi 1
3H .

is produced whenever a contact occurs in the dynamic

system. The total wear is then the sum

WKtotal = 
(2)

I 3H

where

W = wear volume (inch 3)

P = load (lb) = impact force

S = sliding distance (inch)

H = Brinell hardness

K = empirically determined wear coefficient

While H is a material constant and P and S are

calculated from the SYSDYN module of TRIBO 1, K is determined

from test data and depends on whether the contact occurs

during the break-in period or during steady state operation.
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The parametric study of the 124 mm A/F bearings revealed

that the roller coupled corner radius run out is the most

siqnificant parameter followed by the roller end clearance

and roller squareness. Of course the end effect of the

corner radius runout and the end squareness is the roller

unbalance which produces the skew force. Thus, roller

unbalance and end clearance have the most significant effect

on normal roller wear. This qualitative trend is not

difficult to understand. Its quantitative aspect requires

test data for model correlation purposes.

In the present 60 mm roller hearing study it was also

_found that the most siqnificant effect on roller wear comes

from the corner radius runout, end squareness, initial

unbalance and end clearance. Aqain, the roller unbalance and

the roller end clearance provide the most impetus to the

normal roller wear - the same qualitative trend established

in the 124 mm bearing program.

Test data from the 60 mm bearings is, however, rather

limited. It consists of two distinct sets for 10 hr wear

data - one with high roller unbalance and larqe end clearance

and the other with low roller unbalance and small end

clearance. Since intermediate wear data is not available,

the characteristic wear coefficient relating to the break-in

period as distinct from steady state operation is not known.

Even if one assumes the same wear coefficient for both

operatinq modes, the fact that the effects of roller

unbalaince and end clearance are- confounded does not provide

the information necessary to identify the independent

effects.
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5.0 CONCLUSIONS

The temperature measurements carried out on the bearing

outer rings all show the expected trend of increasing

temperature with dn number. The average ring temperature

increase from 1.0 Mdn to 3.0 Mdn is generally in the range

of 50*F to 150°F. The oil temperature rise in passing

through the bearing generally falls within the range of 50OF

to 75*F.

A survey of bearing cage speed versus the shaft speed

indicates that at values below 2.6 Mdn, the cage speed is

proportional to the loading as well as oil flow rates. At

speeds above 2.7 Mdn, cage slip is minimal and at 3.0 Mdn,

the cage speed is in the order of 97% of the epicyclic value

and appears to be totally independent of applied load or oil

flow rates.

The statistically useable data represents only 4

individual bearing designs out of the 14 contained in the

original designed experiment. Statistical analysis of the

data submitted led to the conclusion that the effects of at

least four of the independent variables were confounded;

that is, cannot be separated. It was further concluded that

nothing was to be gained by using this data to attempt a

modification of the existing TRIBO I wear model. The

parametric trends already incorporated in TRIBO I based on

earlier 124 mm bearing data are not contradicted by the

limited 60 mm data. Based on these facts, no changes were

made to the TRIBO I wear model as a result of the subject

study.
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